In the present investigation, effect of ceramic/graphite addition on the dry sliding wear behavior of copper-based hybrid composites have been assessed at three different normal loads of 9. 81, 19.62 and 29.43 N. Wear test is performed by using pin-on-disc test rig at sliding speeds of 1.30 and 1.84 m/s under ambient conditions. The copper-based hybrid composites are successfully synthesized by using stir casting route. The samples are characterized by various techniques such as X-rays diffraction (XRD), high resolution-scanning electron microscopy (HR-SEM), scanning electron microscope (SEM) equipped with energy dispersive analysis of X-ray spectroscopy (EDAX). Microstructural investigations reveal the presence of the WC, TiC and graphite particles in the hybrid composites. It is observed that graphite reinforced hybrid composite shows better wear resistance than hybrid composite without graphite addition. In all the cases cast copper specimen shows highest wear rate. The observed friction and wear behavior have been explained on the basis of the presence tribofilm on the worn surface. Microstructural characterization of the worn surface and wear debris show that the mechanism of wear is primarily adhesive and oxidative in case of cast copper, where as it is a mix of adhesive and abrasive wear in case of hybrid composites. Wear debris analysis also helps to understand the wear mechanism involved during dry sliding.
Introduction
During the last two decades, metal matrix composites (MMCs) have gained researcher's focus due to its outstanding properties such as high elastic modulus, specific strength, specific stiffness, desirable coefficient of thermal expansion, high temperature resistance, and better wear resistance [1, 2] . Among the existing metal matrix composites, copper based composites are gaining enormous importance due to its various automobile and industrial applications viz. automobile radiators, bearings and bushings, heat exchangers, electrical sliding contacts and resistance welding electrodes [3] [4] [5] . Copper based composites can be developed by using various techniques viz. stir casting, powder metallurgy, chemical vapor deposition, etc. However, among these techniques, stir casting technique has an edge over other fabrication techniques [6] . Researchers have reinforced various ceramics such as SiC, TiC, WC, Al 2 O 3 , graphite and TiB 2 , etc. into the copper matrix to enhance its mechanical and tribological properties [7] [8] [9] [10] [11] [12] . Kumar and Mondal [13] prepared graphite reinforced copper matrix composites and explored its friction and wear properties at normal loads of 10-55 N and constant velocity of 0.77 m/s by using pin-on-disk. It was noticed that graphite reinforced composites showed improved wear resistance and lower friction coefficients compared to unreinforced copper. The friction and wear resistance improvements are mainly caused due to the formation of a solid self-lubricating film formed by the presence graphite particles. Gautam et al. [14] prepared Cu-Cr-graphite composite through solidification processing. Dry sliding test was conducted at different normal loads 10, 20, 30, and 40 N and a constant sliding speed of 0.786 m/s. It was observed that wear rate of graphite reinforced composites are lower than other composites. It was also observed that average coefficient of friction is reciprocal with the normal load and the graphite added composite reveals the lesser average coefficient of friction. Nayak et al. [15] developed graphite and TiC reinforced copper hybrid composites. It was noticed that hardness of the composites decreases with graphite addition while its hardness increases with TiC addition. Wear test was conducted using a pin-on-disk test rig. Worn surface investigation shows that the reinforcement of TiC and graphite considerably enhances the tribological properties of the copper composites. Rajkumar and Aravindan [16] revealed the tribological behavior of Cu-TiC-graphite hybrid composites under the conditions (normal loads of 12-48 N; and sliding speeds of 1.25-2.51 m/s). It was noticed that the addition of higher graphite content helps to form a mixed smooth layer that enhances the wear resistance and decreases the friction coefficient.
From the literature review it can be concluded that several researchers have studied and reported the various mechanical and tribological behavior of Cu-based hybrid composites. However, only few reports are available for exploring the friction and wear behavior of the graphite along with two ceramics (WC and TiC) reinforced in the copper matrix. Hence, in the present investigation the main focus is to explore the dry sliding wear behavior of graphite reinforced Cu-based hybrid composites by using pin on disk test rig. Further, various characterization techniques were employed to examine the worn surface and wear debris morphologies.
Experimental details
Small pieces of commercially (99.99%) pure copper in calculated amount were taken in a graphite crucible and placed in the electric muffle furnace. The temperature of the furnace was set to 1200°C with heating rate of 300°C/h and holding time at this temperature of furnace was set for 30 min. As the furnace temperature attained the temperature of 1200°C, copper pieces in graphite crucible completely changed into molten metal state and then fixed amount of chromium (2 wt%) was added into the melt. Reinforcements such as WC, TiC and graphite in calculated amounts as given in Table 1 were poured into the molten metal by wrapping in copper foil as small packets with the help of tong and continuously stirred at 300 rpm for 5 min. Figure 1 presents the SEM morphology of the reinforcing particles (WC, TiC and graphite). Figure 1(c) presents the equiaxed and flake type geometry of the graphite particles. Reinforcements were preheated at temperature of 100°C to make it moisture free. Three compositions were obtained after casting; (a) cast copper, (b) Cu-2 wt% Cr-1.5 wt% WC-1.5 wt% TiC and (c) Cu-2 wt% Cr-1.5 wt% WC-1.5 wt% TiC-5 wt% Gr and these were designated as CC, HC-1, and HC-2, respectively. After stirring of the molten materials, it was poured into a permanent steel mold and kept for air cooling. After cooling, the developed cast ingot of matrix and hybrid composites were used for different characterizations.
The phase evolution of the hybrid composites were studied by using Rigaku miniflex600 with DTEX-ultra diffractometer with Cu-Kα radiation (λ = 1.54A°). High resolution scanning electron microscope (FEI Netherlands, NOVA NANOSEM450) and scanning electron microscope (ZEISS-EVO/18) equipped with EDAX were utilized for microstructural examinations. Brinell hardness test was performed as per ASTM E10-00 standards, using a load of 500 kg and a 10 mm ball indenter at room temperature. The average of five measurements was reported to ascertain reproducibility.
Friction and wear test of both cast copper and hybrid composites were conducted according to the ASTM G99-05 standards using standard pin on disc wear test rig (MAGNUM Bangalore, India) with a counterface of the EN31 steel hardened to 60 ± 3 HRC at an ambient condition. The samples on the test rig, the surface of the hardened steel disc and test pin were thoroughly cleaned with emery paper and acetone to remove any possible traces of grease and other surface contaminants. The normal loads were 9.81, 19.62, and 29.43 N and the sliding speeds were 1.30 and 1.84 m/s, respectively. The total sliding distance covered during the wear test was ~5000 and ~7000 m. The weight loss was measured prior to and after the test using an electronic balance with an accuracy of 0.0001 mg. Meanwhile, the volume loss of the samples was calculated through weight loss divided by Archimedes' density of the material. The control panel equipped with the tribometer displayed the frictional force. The same was used to calculate the friction coefficient by dividing it by the normal load. Each test for a particular condition of load and speed was conducted thrice. The average value of three tests was reported in the present investigation. The worn surface of the specimens and wear debris were subjected to SEM and EDAX analyses to explore the nature of the wear mechanism.
Results and discussion

X-ray diffraction (XRD)
X-ray diffraction (XRD) pattern of the CC, HC-1 and HC-2 is shown in Figure 2 . The diffraction peaks present in the developed materials are indexed with XRD-JCPDS database. One can observe the presence of CuO and Cu 2 O phases in the XRD spectra and it can be possibly due to the oxidation of the copper at high temperature with residual atmospheric oxygen present in the furnace. However, the peaks of WC and TiC are not distinct and it can be attributed to the lower weight percentage of the reinforcing particles in the copper matrix which may not be in the detactable range of XRD [17] . Figure 3 (a) depicts the microstructure of CC, in which the presence of any foreign particles could not be observed. It shows a plane, smooth and homogeneous morphology. However, the microstructure of hybrid composites show some embedded reinforcing particles into the metal matrix. The embedded reinforcing particles resemble with the crystal geometry of WC which is hexagonal and cubic structure of TiC particles, respectively [18] . The typical microstructures of hexagonal and cubic crystal geometry can be observed in Figure 3 (b). Figure 3(c) shows the microstructure of the HC-2 which depicts the presence of reinforcing particles into the metal matrix that is shown in the inset. The inset particle are magnified and analyzed for its microstructural geometry. It is found that hexagonal and cubical crystal geometry are particularly the crystal geometry of WC and TiC in the matrix as shown in Figure 3(c-1) and (c-2), respectively. Figure 4 presents the EDAX spectrum of developed materials. The EDAX spectrum of the CC, HC-1 and HC-2 are shown in the Figure 4 
Microstructure
(a-a′), (b-b′)
and (c-c′), respectively. Very weak intensity peak of carbon and oxygen are observed in the EDAX spectrum of CC as shown in Figure 4 (a′). Carbon intensity peak may be attributed to the presence of less impurity of carbon in CC and oxygen intensity peak may be due to the possible oxidation of the CC at high temperature during melting. Atomic and weight percentage of carbon, oxygen and copper are shown in the corresponding table in Figure 4 . However, Figure 4 (b′) and (c′) show the EDAX spectrum of the HC-1 and HC-2, respectively. From spectrum, comparatively smaller intensity peak of carbon, oxygen, tungsten, titanium and chromium are observed than that of the copper intensity peak. It can be observed that atomic/ weight percentage of carbon and oxygen found in hybrid composites are higher 
Density and hardness
The variation in the density of the developed materials is shown in Figure 5 . It is clear from the figure that HC-1 shows higher density as compared to the CC and HC-2. The reason for the higher density of HC-1 can be credited to the improved bonding between the reinforcement particles and the copper matrix. To enhance the bonding in the hybrid composites, Cr has been used as a wetting agent [14] . It can also be inferred that HC-2 shows lower density than cast copper and HC-1. The possible reason for such lowering in density of HC-2 can be due to the reinforcement of ultralow density graphite particles [19] . Figure 5 also depicts the variation in the hardness of CC, HC-1 and HC-2. It is obvious from the figure that hybrid composites (HC-1 and HC-2) show higher hardness as compared to the cast copper matrix. The reason for the increased hardness of HC-1 and HC-2 can be attributed to the reinforcement of harder WC and TiC ceramics in the ductile copper matrix. During hardness test, when the load is applied through ball indentation on the materials, the applied load transfers from the softer matrix to the harder reinforcing particle and it restricts further plastic deformation. The differences in the elastic modulus and coefficient of thermal expansion of matrix and reinforcement can also have a significant role in the improvement of hardness of the hybrid composites. In addition, the strain hardening also affects the hardness behavior of the materials [20] . It is observed that HC-1 and HC-2 shows almost 80 and 50% increment in hardness as compared to the copper matrix, respectively. The hardness of the HC-2 is lower as compared to HC-1; this is due to the reinforcement of softer graphite materials in the softer matrix [19] . Figure 6(a)-(f) shows the variation of the cumulative volume loss with the sliding distance for all the materials investigated in the present study under different loads of 9.81, 19.62 and 29.43 N for sliding speed of 1.30 and 1.84 m/s. It can be observed that cumulative volume loss increases as the sliding distance increases for CC, HC-1 and HC-2, respectively. Moreover, the volume loss of CC is higher at all the normal loads as compared to the hybrid composites. Lower volume loss of the hybrid composites can be credited to the reinforcement of harder particles (TiC and WC) in case of HC-1 because these harder particles provide a shield to the relatively softer matrix during sliding and enhance the load bearing capacity of the hybrid composite [21] . In case of HC-2, the volume loss is minimum and it can be attributed to the combined effect of harder phase (TiC and WC) as well as softer phase (graphite) reinforcement. During sliding, the graphite particles comes out from the surface of the wear pin and act as solid lubricant and develop a thin tribofilm between the wear pin and hard counter surface which reduces the coefficient of friction thus it reduces the volume loss. 7(a) and (b) that the wear rate increases as the load increases at both the sliding speeds. Among the materials investigated, CC shows the highest wear rate and HC-2 shows lowest wear rate. In case of CC, there are chances of direct metal to metal contact and it may lead to adhesive wear. Adhesive wear mechanism initiates plastic deformation which is responsible for the highest wear rate. Similar observations for wear behavior of unreinforced copper were reported by Tu et al. [22] . The wear rate of HC-1 is comparatively lesser than CC because of reinforcement of harder particle like-WC and TiC. During sliding contacts these harder particles get early exposure on the surface of the wear pin and these particles may carry the applied normal load for a longer time without transferring the contacts to copper matrix [23] . The wear mechanism changes from adhesive to abrasive nature. It can be observed that HC-2 shows lowest wear rate and the reason can be credited to the combined effect of hard particles reinforcement and squeezing out of the graphite particle. At the highest load the debris particles that comes during sliding, gets compacted between the mating surfaces. This compacted layer of debris which contains the graphite particles help to form a type of tribofilm and it may be responsible for the lowest wear rate [16] . It can be observed from the Figure 7 that as sliding speed increases from 1.30 to 1.84 m/s the wear rate increases for CC, HC-1 and HC-2. The reason can be attributed to the fact that as sliding speed increases it gives rise to increase in frictional heat energy. The dissipated heat energy makes the matrix surface softens and weakens the interface with allowing easier pull out of the particulates [24] .
Investigation of sliding wear behavior
The typical variation of coefficient of friction with sliding distance for CC, HC-1 and HC-2 at different normal loads (9.81, 19.62 and 29.43 N) and sliding speeds (1.30 and 1.84 m/s) are presented in Figure 8(a)-(f) . It is observed that coefficient of friction fluctuates with the sliding distance. The reason for this fluctuation can be due to the disparity in contact that occurs when the sample and the counterface are evolving to develop a better surface conformity. Other reason for the fluctuation of hybrid composites can be credited to the fact that during sliding the abrasive particles comes between the contacting surfaces. respectively. It can be observed that HC-1 shows the highest coefficient of friction among all investigated materials at both the sliding speeds. It can also be observed that coefficient of friction increases as load increases from 9.81 to 29.43 N. The reason for the highest coefficient of friction of HC-1 can be credited to the reinforcement of ceramic particles and these particles when comes between the contacting surfaces may give rise to three body abrasion and thus coefficient of friction increases [25] . As the load increase the surface contact increases and thus more surface asperities come in contact and it can be the reason for the increase in the coefficient of friction for the materials. However, one can observe that HC-2 shows lower coefficient of friction than CC and HC-1. The possible reason for this can be due to the presence of softer phase graphite particles which reduces the coefficient of friction in all the cases due to the formation of the tribofilm. The tribofilm works as a lubricating layer and reduces the coefficient of friction with the sliding distance [26] . respectively. The corresponding SEM micrographs of the CC worn surface shown in Figure 10(a) and (d) exhibit the presence of the grooves due to the adhesive wear mechanism which attributed to the direct metal to metal contact. Due to the adhesive wear plastic deformation can be observed at the worn surfaces. One can observe that grooves are less deep in Figure 10 (a) at lower sliding speed of 1.30 m/s as compared the grooves appearing in Figure 10(d) at higher sliding speed of 1.84 m/s. Figure 10(b) and (e) show the worn surface of HC-1 at both the sliding speeds. The grooves along with some delamination can be observed in the micrograph shown in Figure 10(b) . Similarly, Figure 10(e) shows the deeper grooves with delamination at higher sliding speed of 1.84 m/s. The micrographs predict that there is transformation of wear mechanism from adhesive to abrasive wear in case of HC-1 hybrid composite. The abrasive actions are mainly caused by the wear debris that mainly contains traces of reinforced ceramic particles. Due to the abrasive wear mechanism in case of HC-1 as shown in the Figure 10(b) and (e) it can be confirmed that the results given in Figure 9 are convincing. The worn surface of HC-2 is shown in Figure 10(c) and (f ) which shows less grooves and mild wear region as compared to CC and HC-1at both the sliding speeds. The presence of lesser or no grooves on the worn surfaces at both the sliding speeds for HC-2 can be due to the reason that these worn surfaces may be covered by the transfer layer as depicted in the micrograph. This layer is basically formed from the wear debris coming out during sliding. When this transfer layer gets compacted during sliding, because heat is generated during sliding, then it protects the surface against wear and thus wear rate decreases as shown in Figure 7 [27] . In Figure 10(f) , particles pullout can be seen which comes from the wear pin during sliding and these particles may create a lubricating surface which comes between the sliding surfaces and defends the surface against wear. This layer also inhibits a direct metal-metal contact and provides a low shearing strength junction at the interface, thereby resulting in a reduced friction coefficient in comparison to the hybrid composites as shown in Figure 9 . Figure 11(a)-(c) shows the typical EDAX spectrum of the marked portion in worn surface of CC, HC-1, HC-2 at sliding speed of 1.84 m/s and normal load of 29.43 N respectively. Figure 11(b) displays the presence of Fe in the EDAX spectra of HC-1which confirms that the metal transfer occurred from the counter face. The presence of oxygen in the spectra indicates the possibility of oxidation that might have occurred during sliding possibly due to increase in contacting surfaces.
The wear debris analysis helps to predict the wear mechanism involved during dry sliding. Figure 12 shows SEM morphology of wear debris of (a) CC, (b) HC-1, (c) HC-2 at normal load of 29.43 N and at sliding speed of 1.84 m/s. It can be observed that wear debris particle appearing in Figure 12 (a) are larger in size which got detached from the CC due to adhesive wear mechanism and thus plastic deformation occurs. One can also observe that Figure 12(b) which corresponds to the wear debris of HC-1 appears like plate and flake shaped. The reason can be attributed to an abrasive micro-cutting effect. The other cause for the smaller wear debris is due to the higher hardness of HC-1. Figure 12(c) shows equiaxed sheets and powder like morphology. Similar observations were reported by Sundararajan and Rajadurai [28] . This type of morphology predicts that wear is lesser and thus the debris particles are smaller. In this case it can be predicted that these fine debris particles acts as lubricant during sliding. Figure 13 shows the EDAX spectrum of the wear debris of CC, HC-1 and HC-2 at normal load of 29.43 N and sliding speed of 1.84 m/s. EDAX spectrum of wear debris shows the intensity peak of entire reinforcing elements with their atomic and weight % that are shown in the spectrum. The greater amount of weight and atomic % of oxygen are observed in the entire EDAX spectrum of wear debris compared to EDAX spectrum of developed materials. Such increment in oxygen % in EDAX spectrum of wear debris indicates the involvement of oxidative wear of the materials during dry sliding. The intensity peak of iron element is observed in the EDAX spectrum of wear debris of HC-1 at both the sliding speeds. It is attributed to the higher hardness of the HC-1 which abrades the counter steel disc in lesser amount and adheres with the other wear debris. The analysis of EDAX spectrum of the wear debris confirms that mainly oxidative, abrasive and adhesive wear mechanism takes place during dry sliding.
Conclusions
• Copper-based hybrid composites have been successfully synthesized by using stir casting route. XRD pattern confirms that TiC, WC, and graphite are present in the hybrid composites.
• Microstructural analysis reveals the presence of reinforcing particles and its uniform distribution. Density of the HC-2 is lowest. However, the hardness of the HC-1 is found to be maximum.
• The volume loss of CC is higher at all the normal loads as compared to the hybrid composites. CC shows highest wear rate among the developed specimens. HC-2 shows better wear resistance than HC-1. This has been attributed
